Purpose Limited data exist detailing the normal range of intraocular pressure (IOP) for healthy school age children. This study aims to describe the mean and normal range of IOP measurements that may be expected using the Icare rebound tonometer and to examine associations between visual function measures and IOP.
Introduction
The assessment of intraocular pressure (IOP) using an accurate and reliable technique is essential in the diagnosis and management of congenital and paediatric glaucoma. 1 The effectiveness of a measure used in detection depends to a large extent on its reliability as a differentiator between normal and abnormal states. When dealing with young children, whose eyes are still experiencing growth and concomitant optical and neural changes, the measurement of IOP for early glaucoma detection is limited by a paucity of data for the normal-growing eye from a number of different populations. There is also uncertainty about methods of measurement, their reliability and effectiveness on the eyes of children. The most trusted method of measurement of IOP for the adult eye was considered to be the Goldmann applanation tonometer. 2 However, it has been acknowledged to provide no more than an estimate of IOP 3 and recent work has questioned the reliability of the correction factor that is applied to adjust for the effect of corneal thickness on the IOP measurement. 4 Given that corneal thickness affects the measure of IOP to differing extents depending on the instrument used when applied to the adult eye, 3 the uncertainty is exacerbated when considering the growing eyes of children.
The Goldmann tonometer can be difficult to use on children and correction factors are not known. The Icare tonometer is a dynamic or rebound tonometer that was introduced in 2000. 5 It is based on the use of a solenoid to launch a magnetised probe against the eye. 6 It is easy to use, does not require anaesthesia, and is well tolerated by patients including children, making it an ideal tool for primary eye care practice. 7, 8 The Icare tonometer has previously been shown to provide valid and repeatable measures of IOP in children and adults. 7, [9] [10] [11] [12] [13] [14] Similar to other applanation tonometers, the Icare tonometer is influenced by the changes in corneal thickness. 15 Nakamura et al 15 reported that the Icare tonometer overestimated IOP in comparison with the Goldmann applanation tonometer, when corneal thickness increased.
Relatively few studies have investigated normal ranges of IOP for infants and children. 16 
Materials and methods
Subjects were 211 children aged 6-15 years (79 females and 132 males) attending for a routine eye examination. Subjects with ocular pathology were excluded from the study. Four subjects who presented with a mean IOP over 21 mm Hg in at least one eye were referred to an ophthalmologist for further investigation. In all four subjects ophthalmological examination confirmed that no pathology or abnormalities were present so data from these subjects were included in the analysis. All children in the present study were attending mainstream schools.
Before measurements of IOP were obtained, a new sterile disposable probe was inserted into the Icare tonometer. Subjects were asked to relax while the forehead support was adjusted and positioned correctly, and were then advised to fixate a distant target while the measurements were being taken. Six measurements were obtained and an average value calculated. In cases where an error sign was displayed on the Icare tonometer, indicating a larger than acceptable standard deviation, the six measurements were repeated.
Visual acuity was assessed at 5 m using the Polatest (Carl Zeiss Vision, Oberkochen, Germany), a commonly used European test chart. 19, 20 The refractive error was assessed using distant static retinoscopy and the amplitude of accommodation was measured for each eye using a standard push-up test. [21] [22] [23] Accommodative facility was assessed in cycles per minute both monocularly and binocularly using flipper lenses ( þ 2.00/À2.00). 24 Monocular estimation method retinoscopy was used to assess accommodative lag to a target at 40 cm. 25 All applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during this research. Ethical approval for the study was obtained from the University of Ulster Research Ethics Committee and the study adhered to the tenets of the Declaration of Helsinki. Fully informed written consent was obtained from the parents of the children participating in the study and verbal assent obtained from the children.
Statistical analysis
Data were entered into SPSS version 17.0 (SPSS Inc., Chicago, IL, USA), which was used for subsequent analysis. A one sample Kolmogorov-Smirnov test demonstrated that IOP data were not normally distributed. Non-parametric statistical tests were therefore applied and statistical significance was taken to be at the 5% level (Po0.05).
Results
Measurements of IOP from both eyes of 211 subjects were subjected to analysis using a Mann-Whitney U test. This did not find any statistically significant difference between the right and left eyes (P ¼ 0.248). Therefore, data from a single representative eye per subject (right eye) were used for the analysis.
Age and gender
Mean IOP values for the right eye in each age group, from male and female subjects, were plotted against age in Figure 1 . There is a clear increase in IOP for both the gender groups from 6 to 9 years of age. Thereafter no clear trends are evident, although two observations can be made: (a) notwithstanding the fact that numbers are not large, in both male and female subjects, the IOP decreases by around 2mm Hg at age 11 years; (b) for age group 13-15 years, the IOP values for males are about 2-3 mm Hg higher than that for females. Statistical analysis (Mann-Whitney U test) demonstrated that male subjects were more likely to have higher IOP measurements than female subjects (mean IOP males 15.02 mm Hg (SD 2.19), mean IOP females 14.44 (SD 2.01) P ¼ 0.041). Analysis using Spearman's rho (one-tailed) showed a statistically significant association between age and IOP (right eye) in all subjects together (P ¼ 0.002) and in males only (Po0.001), but showed no association for females (P ¼ 0.459). Given that the clearest trend with age occurred in the first decade, analysis of data up to age 11 years only also showed highly significant associations between IOP and age in both males and females (Po0.001) ( Table 1 ).
Normal ranges of IOP (mean ± 1.96SD) are presented for each age group category (Table 2) .
Visual functions
Consistent with physiological norms, the amplitude of accommodation decreased steadily with age for both males and females, with males showing consistently higher amplitudes of accommodation than females. Using Spearman's rank analysis, no statistically significant associations were found between IOP and amplitude of accommodation, for the whole data set (P ¼ 0.056) or for female subjects only (P ¼ 0.506). However, there was a significant association between IOP and amplitude of accommodation for male subjects (P ¼ 0.018) and for all subjects up to age 11 years (P ¼ 0.001) ( 27 demonstrated a mean IOP (12.02 ± 3.74 mm Hg) in a group of 405 subjects (0-12 years of age). Differences between these results and the present study may be attributed to the younger participants included in Shiota et al's work. 27 Jaafar and Kazi 28 found significantly lower mean IOP values using the Perkins applanation tonometer (5.89 mm Hg) in a group of 50 young children below the age of 5 years. These data represented a very young age group and measurements were taken while subjects were in a supine position.
Mean IOP in each age group significantly increased with increasing age in the present study. Youn et al 26 demonstrated a similar trend showing the mean IOP was 11.85±1.35 mm Hg in 10 children under the age of 2 years, 12.80±1.73 mm Hg in 79 children from 2 to 7 years and 13.31±1.79 mm Hg in 52 children from 7 to 15 years. This previous study also showed an increase in variability of IOP with increasing age. 26 The normal range of IOP in the present study did not increase in width with age.
Pensiero et al 18 measured IOP in 460 subjects over an age range from newborn to 16 years and reported a steady phase in IOP values after 4 years of age in males and after 9 years of age in females. This has to be considered in the context of the age group studied and the finding that very rapid increases occur in the early post-natal years. Any subsequent changes therefore will not be as great and will appear as a relatively stable or plateau phase. Pensiero et al 18 also noted significant differences between the two eyes, greater than that found in this study, and concluded that 2 mm Hg difference between the eyes is 'physiologic'. A difference of up to 2 mm Hg may also represent variations during ocular pulsations. 29 If this is taken as indicating a baseline variation or tolerance, it may suggest that any differences below 2 mm Hg should not be treated as meaningful. Further work on variations between the eyes and what this may indicate is necessary.
The developing eye experiences a number of changes that lead to adjustment of its optical components in accordance with the natural trend to emmetropise and the sometimes conflicting intervention of environmental influences. While it is well established that central corneal thickness affects IOP measurements, it is not implausible that other physical factors that influence the optics of the eye, refractive status, and other measures of visual function may concurrently affect the measure of IOP. This should be most noticeable in a population of children, the growing eyes of which may show agerelated variations in IOP as well as in other optical parameters, and may hence reveal correlations between IOP and these parameters. In this study, statistically significant associations were found between IOP and age, and these were particularly strong in males; the significance was only evident in females for data up to age 11, the range over which the clearest trends with age were seen (Figure 1 ). IOP was also found to be associated with amplitude of accommodation but only in males. The association for females became stronger with data up to age 11, but was significant only at P ¼ 0.08. As the amplitude of accommodation is known to decrease with age and the IOP was shown to rise in the first decade of life, such an association is not surprising. The fact that males and females vary in significance of associations between IOP and amplitude of accommodation may result from the differences in the IOP changes with age and the deviation of the trends after 12 years of age ( Figure 1 ). Differences between males and females have been noted by Pensiero et al 18 but the greatest deviations were noted before the age of 6 in the previous study.
The present study demonstrated no associations between refractive error and IOP measures. This is in contrast to work by Sihota et al 26 who demonstrated a significant association between IOP and refraction. The mean age of subjects in Sihota et al's study were 6.68 (±3.28) years compared with 10.03±2.33 years in this work. Sihota et al included subjects from birth to 12 year of age and demonstrated a mean refractive error of À1.81 D in the right eye and 1.26 D in the left eye. The lower mean refractive error in the present study may account for these differences.
Central corneal thickness is known to increase with age in children and may have resulted in the increased IOP in older children in the present study, however, these data were not available from the present study. 30 Further investigation with the inclusion of corneal thickness data may confirm this theory.
This study adds to the current IOP data on the growing normal eye and is the first such study on an Austrian cohort of school children. Further studies on ocular measures in the first decade of life, from a wide range of populations, are needed to help establish normative IOP data and to probe potential associations between clinical measures and visual functions in the growing eye. Differences between the genders and how these may impact on measures and manifest on function also require explanation.
